The concept of utilizing networks of roads and highways for generating electricity has recently gained considerable attention; advances in the nanotechnology industry offer new opportunities for large-scale improvements in energy efficiency and energy production. In this field, Piezoelectric (PZ) energy harvesting technology has significant advantages over other renewable energy sources such as solar, wind, and geothermal. For example, the embedded roadway system produces little to no infrastructural footprint, and its energy generation span, on a busy highway, can continuously produce energy. However, current low-scale PZ manufacturing methods, and the lack of road-integrated PZ R&D, decrease the cost-effectiveness of this technology and may impact the mainstream adoption of piezoelectric systems. The primary objective of this project was to evaluate the technical feasibility of incorporating piezoelectric systems into roadways. The collaborative research team developed a lab-based Roadway Energy Harvesting System (REHS) using construction and piezoelectric (PZ) materials. The scope of the research project included investigation of the energy harvesting method, preparation of equipment and materials, durability tests of PZ materials and fabricating asphalt and concrete sections for structural and electrical testing. Structural and electrical characterization was completed by measuring the voltage generated in the sections, during a loaded wheel test (LWT), using an Asphalt Pavement Analyzer (APA.) Collected data and various plots developed using Matlab® revealed that deformation in asphalt was correlated to the produced electrical signal. The research results indicated that flexible roadway materials can produce more energy than rigid material such as typical concrete and Engineering Cementitious Concrete (ECC). Similarly, since typical concrete produced higher values than ECC, the magnitude of energy may be more related to strength and density than elasticity, especially in rigid material. Currently, the research team is developing a wafer box coupled with the pavement materials using a 3D printer on with CAD design. The results of this research project will contribute to the possibility of self-supporting energygenerating capacity for highways, for roadway sustainability.
Introduction
Piezoelectric (PZ) energy harvesting technology has significant advantages over other renewable energy sources such as solar, wind, and geothermal [1, 5 [2] . Using the pressure of vehicles caused by gravity, the method generates electric energy from the deformations in the paving materials 16 [3] . This technology has been tested for a variety of purposes, including sensors [4, [5, [6, [7] , roadway lighting and bridge bearing [8, [9] , structural health monitoring 5 [2, 16 [3, [5] , deicing [10] and traffic monitoring 6 [11] . A privately-owned company, Innowattech, applied this technology to a 2 km-highway in Israel in 2009. It was expected that the four-lane highway could produce enough energy to provide sufficient electricity for average consumption in 2,500 households 16 [3] . According to a report developed by DMV KEMA under the California Energy Commission, a levelized cost of energy (LCOE) by Innowattech is $0.11/kWh with an averaged capital cost of $4000/kW CEC-500-2013-007-D [12, [13, [14] . Recently, several research projects have been performed to assess the possibility of using PZ-embedded roadways as an alternative energy source, and to identify the optimal magnitude of energy harvesting using this technology [10, [15, [16] . An important finding is that these projects indicate PZ-based energy harvesting technologies may be more costeffective than solar panels. The results of this research indicated that load distribution, the number of PZ elements, and the frequency of activation are major factors in increasing voltages from piezoelectric materials [17, [18, 1 [19] .
Although there has been a recent uptick in piezo-based roadway energy harvesting research, there is very little published data to reference. Therefore, a research framework that enables the assessment of piezoelectric materials on highways is strongly required. Despite many advantages of this energy harvesting method, real-world situations typically have inconsistent or varying vibration frequencies, and this requirement severely limits its practicality CEC-500-2013-007-D [12] . The primary goal of this project was to provide energy generated by PZ components embedded in roadway materials used in the U.S. The research project was achieved by measuring the harvested energy from PZ materials under asphalt and concrete pavements. PZ materials were measured in the lab so that their economy and feasibility was determined prior to field experiments.
The research methodology was conducted in two phases: PZ materials were integrated into laboratory equipment to simulate field conditions, and structural and electrical tests were conducted to assess system lifetime performance. In this research piezoelectric materials were embedded in asphalt pavement, which is the most commonly used flexible pavement substrate; it is used for 94 percent of U.S. highway surfaces 4/23/14 [20] . Concrete pavement composites and ECC (Engineering Cementitious Concrete also were tested. .
Research Objective and Scope
The primary goal of this project is to provide energy generated by PZ materials embedded in roadway materials used in the U.S. The research project was to be accomplished by measuring generated energy with PZ materials under asphalt pavement and concrete pavement; PZ materials were measured in the lab so that their economy and feasibility was determined prior to field experiments. The research project is to be accomplished in multiple phases: (1) Energy generated with PZ materials in pavement materials were measured in the lab. (2) Upon development of inclusive units of PZ materials, lab-scale tests were conducted to contribute to the following knowledge bases: Magnitude of electricity, Structural tests (foot traffic) and Lifetime tests (durability.) In this research, piezoelectric materials were tested with asphalt pavement, which is the most popular flexible pavement material; it is used for 94 percent of U.S. highway surfaces 4/23/14 [20] . Also, concrete pavement materials, including typical concrete and ECC (Engineering Cementitious Concrete), were tested.
Methodology
A loaded wheel test (LWT) in an Asphalt Pavement Analyzer (APA) performed the task of simulating real road conditions under pavement (See Figure 1 ). In this case study, the research team tested a piezoelectric product from PUI Audio with 100 lbs., loading in different HZ values including 30 HZ. HZ values can be referred to as frequency of force applied to samples. The contact area of the load wheel was approximately 6 in 2 and the depth of piezo elements was 2 inches from the top. The size of the specimen was 6 inches in diameter and 3 inches in thickness. Figure 2 illustrates the construction of the pad sensor structure. To build the concrete form, the research team first cut one piece of ¾ inch inch plywood 14" x 15" for the bottom of the formwork needed. The plywood was wrapped in 4 mil plastic to prevent the concrete from sticking. Next, the research team cut 2 1 x 4's 14 inches long for one side of the formwork and 2 1x4's 16 ½" for the other two sides. After all pieces were cut the sides by the research team members to form the plywood resulting in a slab with 3" depth (See Figure 3. ) After finishing the concrete, 6 pzt sensors were placed, supported by ¼" wood for proper support. This was performed to ensure sensors maintained proper postioning throughout the curing process. The rest of concrete was then added to completely fill the form for a 3" thick slab. The concrete was finished again using a float and 2 x 4 to level concrete (See Figures 4 & 5. ) The research team then submerged the slabs in a water tank. 
Fig. 1. A Loaded Wheel Test

Preparation of Samples with PZ sensors
. Slump Tests and Finishing
To make concrete samples, mixing ratios of typical concrete and ECC, as shown in Table 1 , were identified and used. The mix ratio of asphalt concrete is shown in Table 2 . It shows the maximum size for aggregate and RAP (reclaimed asphalt pavement). PG 64-22 was used as the asphalt binder. This mix ratio is a typically used type for Georgia state roadways. 
Voltage and Power Testing with Samples
This lab experiment was conducted to develop the framework using the asphalt analyzer, the electricity measurement equipment, and commercially available piezoelectric materials ( Figure 2 ). PZ samples were embedded in asphalt, concrete composite, and ECC concrete, respectively, and then voltages from the PZ elements were measured under simulated traffic loads using the APA. This experiment was conducted under the assumption of 600 vehicles per hour at 45 mph. The load on the asphalt mix from each vehicle was 100 lbs. To identify which PZ materials generate the most energy, the research team conducted testing with 6 different resistance values.
Voltage and Power Tests
A custom test system was fabricated to accurately determine power and energy. Data using various magnitudes of resistance and load distributions were collected. 
Results
Voltages vs Deformation on Concrete & Asphalt
Tests were conducted on the embedded PZ system configuration in asphalt and two types of concrete, two inches from the wheels as shown in Figure 2 . A fatigue test was run at 30 Hz for the PZ system embedded in these three materials. The thickness of the asphalt slab and concrete slabs was 3 inches; the test was conducted for 8000 APA cycles which lasted for 4 ½ hours. It was observed that the voltage continuously decreased, indicating a direct correlation withmaterial deformation and voltage drop as shown in Figure 3 . However, in the case of concrete it was not a significant decrease; the voltage remained constant with time ( Figures 4 & 5. ) A plot of voltage vs. deflection for asphalt material is shown in Figure 6 . A correlation between voltage drop and deflection was not observed. 
Data Analyses
Statistical Analyses
Voltage values, on average, were compared as shown in Table  3 . As deformation was highest with asphalt, the voltage values for asphalt were the highest --1.413 Vrms --while the two concrete types generated significantly lower voltages --0.029 Vrms and 0.01 Vrms, respectively. Regular concrete was slightly higher than ECC as shown in Table 3 . Based on the average values, the results indicated that the four treatments produced different average values. As composite concrete produced higher values than ECC, the magnitude of energy may be more related to strength and density than elasticity, especially in rigid material. The research team employed Analysis of Variance (ANOVA) because this tool effectively allows the simultaneous comparison of populations to determine if they are identical or significantly different. After meeting the assumptions for this test, the research team conducted a one-way ANOVA test. 
ANOVA Test
Analysis of Variance (ANOVA), the most common type of test in experimental result analysis [21] , was conducted to identify if there were significant differences between the four treatments using the three different roadway materials used for this project. The test was also conducted to strengthen the result with averaged data shown on Table 3 . In this test, the observed variance represents the sum of squares that are partitioned into components because of different explanatory variables. The test determines which factors affect the experiment by comparing them with errors. ANOVA with F statistic provides information if the variance is statistically significant and p value provides if any of differences between the means are statistically significant. Assumptions for the ANOVA test, which are relatively simple, are presented as follows: Voltage values from these four treatments as shown Table 4 . The null hypothesis (H0) and alternative hypothesis (H1) for these analyses are as follows:
where is nth treatment or material coupled with PZ material for generating voltages.
Using the one-way ANOVA test, the null hypotheses were rejected at the 5% significance level, as the p value is 1.1102e16 (shown in Table 5 ). These results indicated that statistically there were no differences between voltages measurements taken by four different treatments. The p value corresponding to the Fstatistic of one-way ANOVA is lower than 0.05, indicating that the one or more treatments are significantly different. The Fratio value is 682.16615. The p value is < .00001. Therefore, the null hypothesis that voltages from four treatments are the same was rejected. Analysis results with significant p values lower than .05 indicated that, statistically, the means of the three populations are not all equal. 
Conclusions
The main objective of this research was to determine, based on power output and durability, the most promising roadway substrate materials to be coupled with PZ materials for future highway applications. The research was accomplished by measuring generated energy with PZ materials under asphalt pavement and concrete pavement in the lab using the APA. To achieve this, multiple tests were conducted to evaluate the output performance of the PZ materials, durability of selected PZ materials, and voltage generation in a variety of scenarios using a loaded wheel test with an APA. Statistical analyses, descriptive statistics and ANOVA test results indicated that the PZ system embedded in the ECC concrete was the lowest producer of power; the PZ system embedded in asphalt produced the highest electrical output. Flexible roadway materials (asphalt) can produce more energy than rigid materials such as composite concrete and ECC. As composite concrete produced higher values than ECC, the magnitude of energy may be more related to strength and density than elasticity, especially in rigid material. The research project revealed that deformation in asphalt is correlated to the magnitude of energy harvesting, however, deflection may not be that significant as deformation.
Further studies will be performed providing insight into the difference in magnitudes of voltages for asphalt, composite concrete and ECC. Since this research framework was successfully developed to provide objective research results, highway agencies or private industry can apply it to newlydeveloped and advanced piezoelectric technologies. Currently, the research team is developing a wafer box coupled with the pavement materials using a 3D printer with CAD design. If the wafer box is developed successfully, the APA machine will be used to test environmental stresses including moisture and freeze-thaw tests. In addition, further research can be performed to identify effects on generated energy from permanent deformation of asphalt concrete as a viscoelastic materials.
Results of this lab-scale research project will make several major contributions to the advancement of transportation performance and management, and highway sustainability. Outcomes can be expected to: (1) increase the self-supporting energy capability of highways, (2) increase the ability of highways to provide electricity to areas that are remote and far from main electric lines, and (3) improve the performance of the system to generate energy from both vertical and horizontal forces of vehicles.
concrete slab based on GDOT's standard mix ratio. Thanks to Andrew Schumacher for developing the research team website http://pzmaterialtest.s3-website-us-east-1.amazonaws.com/
